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BACKGROUND AND PURPOSE

Pattern separation, that is, the formation of distinct representations from similar inputs, is an important hippocampal process
implicated in cognitive domains like episodic memory. A deficit in pattern separation could lead to memory impairments in
several psychiatric and neurological disorders. Hence, mechanisms by which pattern separation can be increased are of
potential therapeutic interest.

EXPERIMENTAL APPROACH

5-HT.a receptors are involved in spatial memory. Herein we tested the ‘biased’ 5-HT,a receptor agonists F15599, which
preferentially activates post-synaptic heteroreceptors, and F13714, which preferentially activates raphe-located autoreceptors,
in rats in a novel spatial task assessing pattern separation, the object pattern separation (OPS) task.

KEY RESULTS

The acetylcholinesterase inhibitor donepezil, which served as a positive control, significantly improved spatial pattern
separation at a dose of 1 mg-kg™, p.o. F15599 increased pattern separation at 0.04 mg-kg™, i.p., while F13714 decreased
pattern separation at 0.0025 mg-kg™', i.p. The selective 5-HT;4 receptor antagonist WAY-100635 (0.63 mg-kg™', s.c.)
counteracted the effects of both agonists. These data suggest that acute preferential activation of post-synaptic 5-HT1a
heteroreceptors improves spatial pattern separation, whereas acute preferential activation of raphe-located 5-HT1a
autoreceptors impairs performance.

CONCLUSIONS AND IMPLICATIONS

We successfully established and validated a novel, simple and robust OPS task and observed a diverging profile of response
with ‘biased’ 5-HT;a receptor agonists based on their targeting of receptors in distinct brain regions. Our data suggest that
the post-synaptic 5-HT1a receptor consists of a potential novel molecular target to improve pattern separation performance.

Abbreviations

d2, discrimination index between objects for trial 2 = (b — a3)/e2; DG, dentate gyrus; F13714, 3-chloro-4-fluorophenyl-
(4-fluoro-4-{[(5-methyl-6-methylaminopyridin-2-ylmethyl)-amino]-methyl}-piperidin-1-yl-methanone; F15599,
3-chloro-4-fluorophenyl-(4-fluoro-4-{[(S-methylpyrimidin-2-ylmethyl)-amino]|-methyl}-piperidin-1-yl)-methanone; OLT,
object location task; OPS, object pattern separation; ORT, object recognition task; T1, trial 1; T2, trial 2; WAY-100635,
N-[2-[4-(2-methoxyphenyl)-1-piperazinyl]ethyl]- N-(2-pyridyl)cyclohexanecarboxamide
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These Tables list key protein targets and ligands in this article which are hyperlinked to corresponding entries in http://
www.guidetopharmacology.org, the common portal for data from the IUPHAR/BPS Guide to PHARMACOLOGY (Pawson et al., 2014) and are
permanently archived in the Concise Guideto PHARMACOLOGY 2013/14 (*’Alexander et al., 2013a,b).

Introduction

Pattern separation, or the formation of distinct representa-
tions from similar inputs, is an important cognitive process
that may be fundamental to episodic memory storage
(Clelland et al., 2009; Kheirbek et al., 2012). If the pattern
separation process functions properly, similar stimuli or expe-
riences get transformed into discrete, non-overlapping repre-
sentations. The concept of pattern separation derives from
neural-network (computational) theories on hippocampal
functioning (Marr, 1971). The dentate gyrus (DG) is an area
within the hippocampal formation that is thought to func-
tion as a pattern separator. As such, the DG takes similar
patterns of neural activity and converts them into distinct
representations. This is thought to be achieved via dispersion
of entorhinal cortical inputs onto the granule cells within the
DG, which subsequently sparsely send the information to
CA3 pyramidal cells (Kheirbek et al., 2012). In a study in
which the DG of rats was lesioned, these rats were unable to
discriminate between two objects when these were spatially
close together, but the performance normalized when the
objects were placed further apart. This supports a role for the
DG in spatial pattern separation (Hunsaker et al., 2008).

In line with these studies, activating cells in the DG could
lead to an improvement of pattern separation. 5-HT, recep-
tors are present in the DG (Radley and Jacobs, 2002; Banasr
et al., 2004), and might be especially interesting with regard
to the process of spatial pattern separation because these
receptors have shown to be involved in spatial memory
(Koenig et al., 2008). The 5-HT;, receptor has drawn attention
as a target for pharmacotherapy for a variety of CNS disorders
(Newman-Tancredi, 2011). 5-HT,4 agonists have been devel-
oped and investigated to function as anxiolytics (Akimova
etal.,, 2009) and antidepressants (Blier and Ward, 2003;
De Vry etal., 2004), but also to ameliorate female sexual
dysfunction (Stahl efal., 2011) and Parkinson’s disease
(Newman-Tancredi et al., 2002; Jones et al., 2010; Huot et al.,
2011). Furthermore, 5-HT;4 receptor agonists are used as add-
ons to atypical antipsychotics for the treatment of psychotic
disorders like schizophrenia. The atypical antipsychotics clo-
zapine, ziprasidone, aripiprazole and lurasidone, all have,
among other pharmacological properties, 5-HT;y partial
agonist activity (Newman-Tancredi, 2011).

5-HT;, receptors are expressed as both 5-HT;, autorecep-
tors, located in the raphe nucleus, and post-synaptic 5-HTi,

heteroreceptors, located in various brain regions, includ-
ing cortex, hypothalamus and septum/hippocampus
(Newman-Tancredi, 2011). Activation of 5-HT;, receptors in
these different brain regions exerts different effects. For
example, activating post-synaptic 5-HT;s heteroreceptors is
thought to mediate antidepressant effects (Blier, 2001); hypo-
thalamic 5-HT;, receptors are involved in neuroendocrine
control and thermoregulation (Green, 2006); and septum/
hippocampal 5-HT;, receptors control ACh release and hence
influence certain aspects of cognitive function like learning
and memory (Ogren et al., 2008). Activation of raphe-located
5-HT;, autoreceptors, leads to inhibition of 5-HT release and
hence is implicated in the delay of onset of antidepressant
drugs (Blier, 2001; Newman-Tancredi, 2011). Current 5-HT;4
agonists may not have the most favourable therapeutic
profile, since they activate both raphe-located autoreceptors
and post-synaptic heteroreceptors. In contrast, ‘biased’ ago-
nists that preferentially activate either raphe-located 5-HT;4
autoreceptors or post-synaptic 5-HT;, heteroreceptors may
yield a more favourable therapeutic profile accompanied by a
lower incidence of side effects (Newman-Tancredi, 2011).
The preferential targeting by biased agonists of raphe-
located 5-HT;4 autoreceptors or post-synaptic heteroreceptors
is not due to differences in the receptor protein itself. Only a
single intronless 5-HT,x receptor gene has been identified in
humans and rats (Fargin et al., 1988; Albert efal.,, 1990).
Therefore, the distinct responses to 5-HT;, ‘biased’ agonists
are probably attributable to regional coupling differences of
the 5-HT;, receptors to certain G-protein subtypes, regulators
of G-protein signalling, or transcriptional regulation
(Newman-Tancredi, 2011). For example, raphe 5-HT;4 auto-
receptors preferentially couple to Gz subtypes, whereas hip-
pocampal 5-HTia receptors couple preferentially to Go,
subtypes (la Cour et al., 2006). In addition, the existence of
agonist-dependent modulation of G-protein coupling and
transduction of 5-HT;x autoreceptors in the dorsal raphe
nucleus of native rats has been shown (Valdizan et al., 2010).
The effects of agonist-dependent coupling and transduction
at the raphe-located 5-HT;, autoreceptors could also contrib-
ute to the pharmacological profile of these ‘biased’ agonists.
The 5-HT,, ‘biased’ agonists, which were used in the
present studies were F15599 and F13714. Different studies
have demonstrated that F15599 preferentially activates
post-synaptic 5-HT;, heteroreceptors over raphe-located
autoreceptors (Newman-Tancredi etal.,, 2009; Assié etal.,
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2010; Depoortere et al., 2010). F13714 exerts an opposite
pharmacological profile with more pronounced activity at
raphe-located autoreceptors, and only modest activation
at post-synaptic heteroreceptors (Assi¢ etal.,, 2006;
Newman-Tancredi, 2011). The effects of the ‘biased’ 5-HT;a
agonists F15599 and F13714 were investigated in a novel
pattern separation task in rodents, the object pattern separa-
tion (OPS) task. Our focus is on the cognitive aspect of
pattern separation and we developed a task in which the
spatial distance of two initially symmetrical placed objects is
gradually changed along a straight line. The displacement of
the object in the test trial can vary with regard to the distance
from the starting position. That is, instead of only maximal
displacement of an object in the test trial [as in an object
location task (OLT)], the displacement of an object in the OPS
task can gradually increase with regard to the starting posi-
tion. This task allows measurement of improvements as well
as impairments in spatial pattern separation. The dose
dependency of responses to F15599 and F13714 were inves-
tigated, as well as the receptor specificity of their effects. The
latter was tested in studies where the agonists were either
administered together or in combination with the selective
5-HT;, antagonist WAY-100635. Furthermore, the AChE
inhibitor donepezil was tested as a positive control.

Methods

Animals
All animal care and experimental procedures complied with
the Dutch Experiments on Animals Act (EAA, amended 1996)
and the European Directive (2010/63/EU) of the European
Parliament and of the Council of the European Union (86/
609EEC) on the protection of animals used for scientific pur-
poses (22 September 2010), and were approved after careful
evaluation by the ethical committee of Maastricht University
(licensed animal ethical committee: Min.VWS, GZBIVVB
981845, 16 April 1998). The assigned official protocol number
provided to these studies was DEC 2012-062. All studies
involving animals are reported in accordance with the
ARRIVE guidelines for reporting experiments involving
animals (Kilkenny et al., 2010; McGrath et al., 2010). A total
of 48 animals were used in the experiments described here.
For the initial OPS study, 24 4-month-old male Wistar rats
(average weight at the beginning of the study: 393 g) were
used. For the drug testing OPS studies, 24 3-month-old male
Wistar rats (average weight at the beginning of the study:
361 g) were used. For all studies, the rats were obtained from
Charles River Laboratories International, Inc. (Sulzfeld,
Germany). Rats were housed individually in standard Tecni-
plast IVC system greenline cages on sawdust bedding. The
animals were on a reversed 12/12 h light/dark cycle (lights on
from 19:00 to 7:00 h); and food and water were available ad
libitum. The rats were housed and tested in adjacent rooms. A
radio, playing softly, provided background noise to mask
noises in the room. All testing was performed between 9:00
and 18:00 h under low illumination (20 lux).

OPS

Apparatus and objects. The OPS was performed in a similar
apparatus and with a similar procedure as described
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elsewhere for object recognition (Ennaceur and Delacour,
1988; Prickaerts et al., 2012). The apparatus consisted of a
circular arena, 83 cm in diameter. Half of the 40 cm high wall
was made of gray polyvinyl chloride, the other half of trans-
parent polyvinyl chloride. Fluorescent red tubes and a light
bulb provided a constant low illumination on the floor of the
apparatus. Two different sets objects were used: (1) a metal
block (10.0 x 5.0 x 7.5 cm) with two holes in it (diameter
1.9 cm), and (2) an aluminium block with a square base and
a tapering top (13.0 x 8.0 x 8.0 cm). A rat could not displace
the objects.

OPS task. The OPS allows the assessment of spatial pattern
separation. It is a modified version of the OLT (Bruno et al.,
2011; Vanmierlo et al., 2011), which in turn was developed
from the object recognition task (ORT; Ennaceur and
Delacour, 1988; Sik et al., 2003). Two identical objects are
used in both the first trial (T1) and the second trial (T2).
During T1, the apparatus contains two identical objects
placed (and oriented) symmetrically on a horizontal line in
the arena (see Figure 1, placement is ‘1L’ and ‘1R’). A rat is
always placed in the apparatus facing the wall at the middle
of the front (transparent) segment. After the first exploration
period of 3 min (T1), the rat is put back in its home cage.
Subsequently, after a 1 h interval, the rat is placed back in the
apparatus for the second trial of 3 min (T2), but now one of
the two similar objects is randomly displaced along a straight
line on one of five possible locations in either direction (as
opposed to the OLT where the object is only displaced to one
new location) according to a randomization and a location
scheme (see Figure 1). In other words, a new spatial arrange-
ment is used. The times spent exploring each object during
T1 and T2 are recorded manually using a personal computer.
Subsequently, it can be determined how much time the rats
spent exploring the displaced and/or the stationary object.
Pattern separation is scored as the relative time spent on
the displaced object. Usually, rats show a good pattern
separation/spatial memory performance when the displace-
ment is maximal (Figure 1, ‘position 5’) and a 1 h retention
interval is interposed between T1 and T2. However, when the
displacement of the object along a straight line is intermedi-
ate (Figure 1, ‘position 3’) between the starting position (like
in T1, ‘position 1’) and the maximum displacement position
(‘position 5’), pattern separation is attenuated.

Exploration was defined as follows: directing the nose to
the object at a distance of no more than 2 cm and/or touch-
ing the object with the nose. Sitting on, or leaning to, an
object was not considered as exploratory behaviour. In order
to avoid the presence of olfactory cues, the objects were
thoroughly cleaned after each trial with a 70% ethanol solu-
tion. All combinations and locations of objects were used in
a balanced manner to reduce possible biases due to prefer-
ences for particular locations, sides or objects. There was no
indication that the rats showed a preference towards either
one of the two objects or sides (left/right) in the apparatus
(data not shown). The experimenter was always blind to the
conditions that were being tested.

Animal handling and OPS testing. Prior to the drug testing
studies, the animals were handled daily, adapted to the pro-
cedures, and allowed to explore the apparatus with two



Figure 1
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The OPS task. Schematic representation of the top-view of the arena with the possible new locations for an object in T2 (indicated on the right).
In the schema, L and R refer, respectively, to ‘left’ and ‘right’. Furthermore, B and F refer to ‘back’ and ‘front’, respectively, indicative of the general
direction of the displacement of an object. The number indications (1-5) represent the five possible locations to where an object can be displaced.
Therefore, position 5 (in each direction) represents the farthest possible displacement, and position 1 represents no displacement. In T1, the
placement of objects is always ‘11" and ‘1R’, in T2 (after a 1 h interval); one of the objects could get displaced to one of the new locations along
the straight line (positions 1-5). Figure was adapted from Van Hagen et al. (2014).

objects for five min on two separate days. Over two weeks, the
rats were adapted to injections of saline (i.p. and p.o.
2.0 mL-kg™', 30 min before T1) and tested until they showed
stable and good discrimination performance at a 1 h interval
(Akkerman et al., 2012b).

First, a discrimination curve was made in which naive
animals were tested on all five possible new locations in the
OPS test. After establishing this discrimination curve, the
optimal location to measure pattern separation was selected.
This had to be a location in which both discrimination per-
formance impairment and improvement could be assessed
(to avoid ceiling and floor effects), that is, a location with an
intermediate performance (see Figure 2, the intermediate
position is position 3).

In the next experiment, vehicle (saline) and the reference
drug donepezil (an AChE inhibitor) were tested with objects
on the starting position and the position with the interme-
diate performance. Following these experiments, the 5-HT;,
receptor ‘biased’ agonists were tested only on the intermedi-
ate position.

Treatment

Vehicle and donepezil. The effects of vehicle and donepezil
treatment were tested with objects on positions 1 and 3 (the
intermediate position) in the OPS. Vehicle and 1 mg-kg™
donepezil were injected i.p. and p.o., respectively, 30 min
before T1 (dose, route and time of administration of donepe-
zil were derived from De Bruin et al., 2011). A 1 h interval

between T1 and T2 was interposed. A within design was used
in which all experimental conditions contained 23-24 rats.
One rat was excluded from the vehicle condition (position 3)
due to too low exploration activity during T2 (Akkerman
et al., 2012a).

Dose-response curves for F15599 and F13714. To establish the
effects of F15599 and F13714 on pattern separation, dose—
response curves were made with objects on position 3 in the
OPS. A 1 h interval between T1 and T2 was used. F15599 or
F13714 was injected i.p. 30 min before T1. The timing of
administration followed earlier work that indicated that brain
presence and duration of action of these drugs entirely
covered the time period of T1 and T2 in the OPS task (Assié
et al., 2010). The tested doses for F15599 were 0.0, 0.0025,
0.01, 0.04 and 0.16 mg-kg'. For F13714 the tested doses were
0.0, 0.000625, 0.0025, 0.01 and 0.04 mg-kg™. A within design
was used in which all experimental conditions contained 23
rats.

In order to demonstrate that the effects of F15599 and
F13714 on pattern separation were indeed mediated via the
5-HT,s receptors, experiments were performed (and sepa-
rately analysed) in which the selective (‘non-biased’) 5-HTi4
antagonist WAY-100635 was co-administered with the effec-
tive dose of F15599 or F13714. In accordance with previous
studies, a dose of 0.63 mg-kg™' WAY-100635 was administered
s.C., 45 min before T1 (or 15 min before the F15599 or F13714
administration; Assié et al., 2006; 2010). The effective doses of
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Means + SEM for the d2 index in the OPS on all five positions for the
pilot study with untreated Wistar rats. Positions 3, 4 and 5 showed
significant object location discrimination which increased with
increasing distance from position 1 along the vertical axis (position 3
<4 <5), which is indicative of spatial pattern separation. On position
3, an increase or a decrease in pattern separation performance can
be measured, that is, performance after an experimental manipula-
tion could resemble the performance on positions 5 or 1 respectively.
When compared with performance on position 1, positions 4 and 5
differed significantly with respect to pattern separation performance.
#P<0.05; #P<0.01; #P < 0.001, significantly different from chance
performance/zero. n = 10-14 animals per group.

F15599 and F13714 were 0.04 mg-kg' (improving) and
0.0025 mg-kg' (impairing), respectively, which were admin-
istered and dissolved as already described.

Combination of effective doses of F15599 and F13714. In this
experiment, the effective doses of both F15599 and F13714
were combined. The rationale was that when the post-
synaptic 5-HT;, heteroreceptors and raphe-located 5-HTi,
autoreceptors were both stimulated with the optimum doses
of their respective ‘biased’ agonists, that the net effect would
be equal to that of vehicle-treated rats. In other words,
co-administration of these optimum doses should lead to
cancellation of either improving or impairing effects on
pattern separation. Therefore, 0.04 mg-kg” F15599 and
0.0025 mg-kg' F13714 were dissolved and administered as
described earlier. A within design was used in which all
experimental conditions contained 23 rats.

Data analysis

The OPS provides measures for exploration time and discrimi-
nation (for an ORT study with the same parameters, see
Prickaerts et al., 1997). The measures were the times spent by
rats in exploring each object location during T1 and T2. The
time spent in exploring the two symmetrically placed objects
in T1 were represented by ‘al’ and ‘a2’ respectively. The time
spent in exploring the stationary and the moved object in T2
were represented by ‘a3’ and ‘b’ respectively. From these
exploration times, the following variables were calculated: el,
e2 and d2 (discrimination index between objects for trial 2 =

2536 British Journal of Pharmacology (2015) 172 2532-2543

Table 1

Derived measures in the object recognition task

Discrimination
time (s) index

Trial Exploration

number

T1 el =al + a2
T2 e2=a3+b

Not applicable
d2 = (b - a3)/e2

el is the measure of the time spent in exploring both identical
object locations (a1 and a2) during T1, and e2 is the measure of
the time spent in exploring both the familiar (a3) and new
object location (b) in T2; d2 corresponds to the ability to dis-
criminate between the old and new object location during T2.
The d2 index is corrected for exploration time during T2.

(b - a3)/e2; Table 1). Total exploration times in both trials
should be sufficient in order to be able to reliably assess
pattern separation (Akkerman et al., 2012a). If an animal did
not show sufficient exploration time in T1, T2 or both, the
animal was excluded from the dataset. The d2 index is a
relative measure of discrimination corrected for exploratory
activity. The d2 index can range from -1 to 1, with -1 or 1
indicating complete preference for the familiar or novel
object location, respectively, and O signifying no preference
for either object location.

One-sample t-statistics were performed in order to assess
whether the d2 index, for each experimental condition sepa-
rately, differed significantly from zero. Experimental condi-
tions were also compared using repeated-measures ANOVAS,
one-way ANOVAS or paired-samples t-statistics, depending on
the experimental design. When the overall ANova was signifi-
cant, a post hoc analysis with Bonferroni t-tests was per-
formed. An o level of 0.05 was considered significant. A d2
value that is significantly different from zero (as indicated by
one-sample t-statistics) signifies an intermediate effect, and as
such, already indicates recognition of the familiar object.
When a d2 index shows both a difference from zero and a
between group effect (as indicated by ANovA or paired-samples
t-statistics), it is called a full effect (see table 4 in Akkerman
etal., 2012a).

Materials

F15599 (3-Chloro-4-fluorophenyl-(4-fluoro-4-{[(5-
methylpyrimidin-2-ylmethyl)-amino]-methyl}-piperidin-1-
yl)-methanone) and F13714 (3-chloro-4-fluorophenyl-(4-
fluoro-4-{[(5-methyl-6-methylaminopyridin-2-ylmethyl)-
amino|-methyl}-piperidin-1-yl-methanone), respectively,
fumarate and glycolate salts (for the chemical structures of
F15599 and F13714; see Assié et al., 2010), were synthesized
by Neurolixis, Inc. (San Diego, CA, USA) Donepezil was
a generous gift from Solvay Pharmaceuticals (Weesp, the
Netherlands). WAY-100635  (N-[2-[4-(2-methoxyphenyl)-
1-piperazinyl]ethyl]-N-(2-pyridyl)cyclohexanecarboxamide)
maleate was purchased from Tocris Bioscience (Abingdon,
UK). All compounds were dissolved in sterile physiological
saline (B. Braun Melsungen AG, Melsungen, Germany) to
produce an injection volume of 2 mL-kg™'. All doses refer to
the weight of the salt.



Results

OPS study

One-way ANOVA revealed no differences between the different
object positions on the level of exploration in T1 (F4ss = 1.33;
P=0.272) or T2 (F4s55 = 2.46; P=0.056). There was an effect of
object position on the d2 index (F4ss = 13.885; P =0.000). Post
hoc analyses revealed that the d2 index of position 1 was
lower than the d2 indices of position 4 (P = 0.002) and
position 5 (P = 0.000). One-sample t-statistics revealed that
the d2 indices of object positions 3, 4 and 5 were different
from zero (position 3: ;3 = 2.65; P = 0.020, position 4: &, =
4.09; P = 0.003, position 5: t;, = 13.78; P = 0.000), indicating
that recognition of the familiar object location was present in
these three displacement conditions (see Figure 2).

Position 3 (see Figures 1 and 2) seemed to be the most
appropriate position for the assessment of pattern separation,
since on position 3, animals had an ‘intermediate perfor-
mance’ when compared with positions 1 and 5 (see Figure 2).
On positions 3, performance can vary bidirectionally, that is,
both performance impairment (i.e. discrimination perfor-
mance is no longer statistically different from zero, that is,
more resemblance with position 1), and performance
improvement (i.e. discrimination performance more resem-
bles performance on position 5) can be measured depending
on the experimental condition that is being tested. In subse-
quent studies, position 3 was therefore used in order to assess
pattern separation.

Vehicle and donepezil

Paired-samples t-tests revealed differences between some of
the different treatment conditions and object positions on
the level of exploration in T1 (position 1: vehicle and done-
pezil: t,;3 = 2.51; P = 0.019; position 3: vehicle and donepezil:
t, = 4.30; P = 0.000). No differences in exploration time
were found in T2. Furthermore, paired samples t-tests showed
differences (or a trend) between the discrimination perfor-
mances of different conditions. Differences were found
between the following d2 indices: position 3: vehicle
and donepezil: t,, = -2.47; P = 0.022, vehicle: position 1 and
position 3: f,, = —1.72; P = 0.099; donepezil: position 1 and
position 3: f,3 = —4.51; P = 0.000.

One-sample t-statistics revealed that only the d2 indices
of the vehicle and donepezil conditions on position 3 were
different from zero (position 3 vehicle: t,, = 2.77; P = 0.011;
position 3 donepezil: f,; = 6.64; P = 0.000), indicating inter-
mediate effects, that is, that recognition of the familiar object
location was present in these treatment conditions (see
Figure 3).

Dose-response curve for F15599

A repeated-measures ANOvA revealed differences between
treatment conditions on the level of exploration in both T1
(Fss8=15.17; P=0.001) and T2 (F4ss = 2.58; P = 0.043). Post hoc
analyses revealed lower exploration times in T1 in the
0.16 mg-kg' F15599 condition when compared with the
vehicle (P = 0.001), 0.0025 mg-kg* F15599 (P = 0.047) and
0.01 mg-kg' F15599 (P = 0.019) conditions. In T2, post hoc
analyses showed a trend towards higher exploratory behav-
iour in the vehicle condition when compared with the
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Figure 3

Means + SEM for the d2 index in the OPS for vehicle and donepezil
treatment on positions 1 and 3. On position 1, both treatments with
vehicle and with 1 mg-kg™" donepezil showed no significant discrimi-
nation. On position 3, significant discrimination was found in both
the vehicle and donepezil-treated rats. Treatment with 1 mg-kg™
donepezil on Position 3 did show significantly better discrimination
when compared with vehicle treatment on position 3. P < 0.05;
###p < 0.001, significantly different from chance performance/zero. *P
< 0.05, significantly different from the corresponding vehicle condi-
tion,. n = 23-24 animals per group.

0.01 mg-kg' F15599 condition (P = 0.087). Furthermore,
repeated-measures ANova indicated differences between treat-
ment conditions for the d2 indices (Fyss = 3.82; P = 0.007).
Post hoc analyses revealed higher object location discrimina-
tion (or a trend) in the 0.04 mg-kg™ F15599 condition when
compared with the vehicle (P = 0.079), 0.01 mg-kg™" F15599
(P =0.013) and 0.16 mg-kg' F15599 (P = 0.032) conditions.
This indicates a full effect of the d2 index of 0.04 mg-kg™
F15599 on OPS performance (i.e. improvement of OPS
performance).

One-sample t-statistics showed that the discrimination
performance was different from zero in the vehicle (f,, = 2.77;
P =0.011), 0.0025 mg-kg™" F15599 (t,, = 2.32; P = 0.030) and
0.04 mg-kg™" F15599 (t,, = 7.55; P = 0.000) conditions, indi-
cating intermediate effects, that is, that recognition of the
familiar object location was present in these treatment con-
ditions (see Figure 4).

Effective dose F15599 in combination

with WAY-100635

For the combination study of 0.04 mg-kg™ F15599 and WAY-
100635, one-way ANOvA revealed no differences between treat-
ment conditions on the level of exploration in T1 (F; ;5= 1.74;
P = 0.166). In T2, one-way anNova did reveal differences
between treatment conditions on the level of exploration
(F378 = 5.34; P = 0.002). Post hoc analyses revealed higher
exploration times in T2 in the vehicle and WAY-100635 con-
dition when compared with the vehicle (P = 0.006) and
0.04 mg-kg' F15599 and WAY-100635 (P =0.007) conditions.
Furthermore, one-way aNovA indicated differences between
treatment conditions for the d2 indices (Fs;;s = 3.06; P =
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Figure 4

Means + SEM for the d2 index in the OPS for F15599 treatment on
position 3. The dose-response curve of F15599 on position 3 in the
OPS task. Administration of 0.04 mg-kg™' F15599 led to the best
discrimination performance. *P < 0.05; **P < 0.001, significantly
different from chance performance/zero. (*)P = 0.079, different from
the vehicle condition,. n = 23 animals per group.

0.034). Post hoc analyses revealed a tendency towards higher
object location discrimination in the 0.04 mg-kg™" F15599
condition when compared with the vehicle (P = 0.140) and
0.04 mg-kg! F15599 and WAY-100635 (P = 0.057) conditions.
This indicates only tendencies towards full effects on the d2
indices.

One-sample t-statistics showed that the discrimination
performance was different from zero in the vehicle (f,, = 2.77;
P=0.011), vehicle and WAY-100635 (t;5s=2.29; P=0.037), and
0.04 mg-kg! F15599 (t; = 6.98; P = 0.000) conditions, indi-
cating intermediate effects, that is, that recognition of the
familiar object location was present in these treatment con-
ditions (see Figure 5).

Dose-response curve for F13714
A repeated-measures ANoOvAa revealed differences between
treatment conditions on the level of exploration in both T1
(Fs88=5.93; P=0.000) and T2 (Fys = 2.82; P =0.030). Post hoc
analyses revealed lower exploration times in T1 in the
0.04 mg-kg' F13714 condition when compared with the
vehicle (P = 0.000) and 0.0025 mg-kg™' F13714 (P = 0.028)
conditions. In T2, post hoc analyses showed trends towards
higher exploratory behaviour in the 0.000625 mg-kg™
F13714 condition when compared with the vehicle (P =
0.055) and 0.04 mg-kg™" F13714 (P = 0.065) conditions. Fur-
thermore, repeated-measures aNova indicated no differences
between treatment conditions for the d2 indices (Fiss = 1.23;
P =0.305), indicative of no full effects on d2 indices.
One-sample t-statistics, however, did show differences (or
a trend) in discrimination performance as indicated by dif-
ferences from zero, in the vehicle (t,, = 2.77; P = 0.011),
0.000625 mg-kg' F13714 (t, = 1.86; P = 0.076) and
0.04 mg-kg! F13714 (t,, = 3.56; P = 0.002) conditions only,
indicative of intermediate effects, that is, that recognition of
the familiar object location was present in these treatment
conditions (see Figure 6).
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Figure 5

Means + SEM for the d2 index in the OPS for the effective dose of
F15599 in combination with WAY-100635 treatment on position 3.
Co-administration of the effective dose of F15599 with WAY-100635
on position 3 in the OPS task. Co-administration of 0.63 mg-kg™
WAY-100635 with 0.04 mg-kg™ F15599 led to a reduction in dis-
crimination performance, indicative of the importance of 5-HTia
receptor activation. WAY-100635 did not exert any effects on dis-
crimination performance when co-administered with vehicle (saline).
P < 0.05; P < 0.001, significantly different from chance
performance/zero. (*)P = 0.14, different from the vehicle condition.
$P=0.057, significantly different from the 0.04 mg-kg™' F15599 and
0.63 mg-kg™" WAY-100635 condition:. n=16-24 animals per group.
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Means + SEM for the d2 index in the OPS for F13714 treatment on
position 3. The dose-response curve of F13714 on position 3 in the
OPS task. Administration of 0.0025 mg-kg™ F13714 led to the great-
est impairment of discrimination performance, as indicated by one-
sample t-tests. WP =0.08; *P < 0.05; **P < 0.01, significantly different
from chance performance/zero. n = 23 animals per group.



Effective dose F13714 in combination
with WAY-100635
For the combination study of 0.0025 mg-kg' F13714 and
WAY-100635, one-way aNova revealed no differences between
treatment conditions on the level of exploration in T1 (F3 75 =
0.25; P = 0.864). In T2, one-way ANOvA did reveal differences
between treatment conditions on the level of exploration
(F375 = 3.66; P = 0.016). Post hoc analyses revealed higher
exploration times in T2 in the vehicle and WAY-100635 con-
dition when compared with the vehicle condition (P =0.013).
Furthermore, one-way aNovAa indicated no differences
between treatment conditions for the d2 indices (F; ;5 = 1.24;
P =0.302), indicative of no full effects on d2 indices.
One-sample t-statistics showed that the discrimination
performance was different from zero (or showed a trend) in
the vehicle (t,,=2.77; P=0.011), vehicle and WAY-100635 (t;5
= 2.29; P = 0.037), and 0.0025 mg-kg' F13714 and WAY-
100635 (tis = 1.82; P = 0.089) conditions, but not in the
0.0025 mg-kg! F13714 condition (3 = 0.66; P = 0.515). This
indicates that there were intermediate effects in all experi-
mental conditions except the 0.0025 mg-kg™"' F13714 condi-
tion (see Figure 7).

Combination of F15599 and F13714

For the combination of effective doses of F15599
(0.04 mg-kg") and F13714 (0.0025 mg-kg'), a repeated-
measures ANOVA revealed differences between treatment con-
ditions on the level of exploration in T1 (F3¢ = 4.19; P =
0.009) but not in T2 (F3 46 = 1.72; P = 0.171). Post hoc analyses
revealed higher exploration times in T1 in the 0.0025 mg-kg™
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Figure 7

Means + SEM for the d2 index in the OPS for the effective dose of
F13714 in combination with WAY-100635 treatment on position 3.
Co-administration of the effective (impairing) dose of F13714 with
WAY-100635 on position 3 in the OPS task. One-sample t-tests
revealed that co-administration of 0.63 mg-kg™' WAY-100635 with
0.0025 mg-kg™ F13714 led to an improvement in discrimination
performance, indicative of the importance of 5-HT;A receptor activa-
tion. WAY-100635 did not exert any effects on discrimination per-
formance when co-administered with vehicle (saline). ¥P = 0.09;
#P < 0.05, significantly different from chance performance/zero.
n = 16-24 animals per group.
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F13714 condition when compared with the 0.04 mg-kg™
F15599 (P = 0.045), and 0.04 mg-kg" F15599 and 0.0025
F13714 (P = 0.034) conditions. Furthermore, repeated-
measures ANOVA indicated differences between treatment con-
ditions for the d2 indices (Fss = 5.78; P = 0.001). Post hoc
analyses revealed (a tendency towards) higher object location
discrimination in the 0.04 mg-kg™ F15599 condition when
compared with the vehicle (P = 0.047), 0.0025 mg-kg
F13714 (P = 0.000) and the combination of 0.04 mg-kg™"
F15599 and 0.0025 mg-kg' F13714 (P = 0.098) conditions.
This is indicative of full effects on d2 indices in these condi-
tions. No difference was found between the vehicle and the
combination of 0.04 mg-kg" F15599 and 0.0025 mg-kg™
F13714 condition (P = 1.000).

One-sample t-statistics showed that the discrimination
performance was different from zero (or showed a trend) in
the vehicle (t,; = 2.77; P = 0.011), 0.04 mg-kg"' F15599 (t,, =
7.55; P=0.000), and the combination of 0.04 mg-kg™' F15599
and 0.0025 mg-kg' F13714 (t,, = 1.84; P = 0.079) conditions,
and as such, showed intermediate effects, and hence presence
of recognition of the familiar object location in these treat-
ment conditions (see Figure 8).
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Figure 8

Means + SEM for the d2 index in the OPS for the effective doses of
F15599 and F13714 combined on position 3. Co-administration of
the effective doses of F15599 and F13714 on position 3 in the OPS
task. Co-administration of 0.04 mg-kg™" F15599 and 0.0025 mg-kg™
F13714 led to a discrimination performance that resembled vehicle
treatment on this position. In other words, combining the effective
doses of these two compounds led to an increase of performance
when compared with mono-treatment of 0.0025 mg-kg™' F13714,
and to a decrease of performance when compared with mono-
treatment with 0.04 mg-kg™' F15599. The vehicle and the combina-
tion of F13714 and F15599 conditions did not significantly differ in
discrimination performance. ®P = 0.08; *P < 0.05; **P < 0.001,
significantly different from chance performance/zero. *P < 0.05,
significantly different from the vehicle condition,. n = 23 animals per

group.
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Discussion

In these studies, we successfully established and validated a
novel, simple and robust pattern separation task, the OPS
task, and observed a diverging profile of response with acute
treatment of ‘biased’ agonists targeted to specific 5-HTia
receptor subpopulations. The AChE inhibitor donepezil sig-
nificantly improved spatial pattern separation at a dose of
1 mg-kg!, p.o. F15599 increased pattern separation at
0.04 mg-kg!, i.p., while F13714 decreased pattern separation
at 0.0025 mg-kg™', i.p. All drugs were given 30 min before
training. The data suggest that preferential activation of post-
synaptic 5-HT;, heteroreceptors (with F15599) has beneficial
influence on spatial pattern separation, whereas activation of
raphe-located 5-HT,;, autoreceptors (with F13714) impairs
this performance. The dose-reponse curves of both F15599
and F13714 (see Figures 4 and 6) clearly show that either the
increase or the decrease (with F15599 and F13714, respec-
tively) of OPS performance was lost at supraoptimal drug
concentrations. This effect is very likely because the drugs
lose their raphe-located autoreceptor or post-synaptic hetero-
receptors selectivity when the doses are increased. Bell-
shaped dose-response curves are often encountered in
behavioural pharmacology and stress the importance of
testing multiple drug doses in experiments. The 5-HT, recep-
tor antagonist WAY-100635 reversed the effects of F15599 and
F13714, supporting a role for 5-HT,, receptors in their effects
on spatial pattern separation. Likewise, when the effective
doses of both compounds were co-adminstered, the impair-
ing and/or improving effect was counteracted. This indicates
that simultaneous activation of 5-HT;, post-synaptic hetero-
receptors and raphe-located autoreceptors reverses the
improvement and impairment of pattern separation induced
by F15599 and F13714 respectively. This fine-tuning might
explain the diverse effects on animal behaviour that have
been found with different ‘traditional’ 5-HT;, receptor ago-
nists (Newman-Tancredi, 2011). The dose, and raphe-located/
post-synaptic receptor activation-ratio, probably contributes
to this diversity of effects.

The rats in the drug testing studies were repeatedly tested
in the OPS task. To secure sufficient wash-out, test sessions
were only carried out once a week. By using this schedule, the
rats do not habituate to the test and this contributes to proper
activity of the rats in the OPS apparatus during the period of
testing. Therefore, the incidental statistical significant differ-
ences in exploratory behaviour of the rats in T1 and/or T2
were not due to the rats being tested too frequently. Further-
more, the differences in exploratory behaviour were unlikely
to be related to drug action. To elaborate on this, the differ-
ences between drug conditions were not stable over T1 and
T2. The prolonged target engagement of 5-HTi, receptors in
the brain by F15599 and F13714 has been demonstrated in
rat (and cat) micro-PET experiments (Lemoine et al., 2010;
2012) in which loss of binding to the therapeutic target
was not observed over the period of brain imaging scans (up
to 90 min) consistent with a prolonged period of receptor
labelling. If the effects on exploratory behaviour were due to
the drug conditions, they would stay stable over both trials,
considering these trials were only 1 h apart. In addition, no
consistent pattern could be found in the changes in explora-
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tory behaviour. Drug effects showed no dose-response rela-
tionship. There was no consistency in the direction of the
effects on exploratory behaviour. That is, no dose seemed to
consistently increase or decrease exploratory behaviour in the
rats. Importantly, despite the statistical significant differences
in exploratory behaviour in either T1, T2 or both, the mean
exploration times of the animals were always sufficient
(>17.5s, data not shown) to draw reliable conclusions
(Akkerman et al., 2012a). Sporadic changes in exploratory
behaviour can occur during behavioural testing, and often
the exact reasons remain unknown. Most importantly, no
impairment in locomotor activity was found according to the
exploratory behaviour in the ORT (i.e. sufficient exploration
times). Therefore, we interpret any differences in the amount
of exploratory behaviour to be incidental.

Different 5-HT;, receptor subpopulations show their own
rate of desensitization upon frequent activation (e.g. Kreiss
and Lucki, 1997). Likewise, different 5-HT,, receptor ligands
show their own capability of desensitizing 5-HT,, receptors
(e.g. Assié et al., 2006). Since the present studies only assessed
the acute effects of F15599 and F13714, it remains to be shown
to what extent these behavioural effects are retained when the
compounds are administered (sub)chronically. F13714 desen-
sitizes neurochemical responses of raphe-located 5-HT;4 auto-
receptors within just 3 days of treatment (Assié et al., 2006).
Whether F15599 desensitizes post-synaptic heteroreceptors in
the same way and whether this could result in a possible
negative functional effect, remains to be investigated. Never-
theless, previous studies have indicated that cortical 5-HT;4
heteroreceptors are resistant to desensitization with various
serotonergic drugs (Hensler, 2003).

Several clinical studies have demonstrated that adjunctive
therapy with 5-HT,, receptor partial agonists improves the
cognitive symptoms of patients with schizophrenia [cogni-
tive impairments associated with schizophrenia (CIAS)]
(Meltzer and Sumiyoshi, 2008). However, different 5-HT;s
receptor agonists exert varying effects on patients, possibly
due to differences in receptor selectivity and agonist efficacy.
A possible strategy to gain better outcomes is to only target
specific 5-HT,, receptor subpopulations in certain relevant
brain areas, while avoiding irrelevant ones. Indeed, in a
rodent model of CIAS, F15599 was tested in a paradigm in
which cognitive impairment was induced by the administra-
tion of the non-competitive NMDA receptor antagonist
phencyclidine (PCP). F15599 improved performance in a
reversal learning task in rats treated chronically with PCP. In
contrast, F13714 disrupted performance when tested as
mono-treatment and even tended to accentuate PCP-induced
deficits when co-administrated (Depoortere et al., 2010). This
supports the hypothesis that specific 5-HT;, receptor sub-
populations need to be targeted rather that eliciting broad
activation of all 5-HT;, receptors in different brain regions.
Recent publications have pointed towards deficient pattern
separation processes in patients with schizophrenia probably
linked to DG dysfunction (Das et al., 2014; Schreiber and
Newman-Tancredi, 2014). The ‘biased’ 5-HTia receptor ago-
nists described here, especially F15599, may have a favour-
able pharmacological profile as adjunctive therapy with
atypical antipsychotics in schizophrenia. But this hypothesis
has to be further examined in order to draw reliable
conclusions.



Recent studies have implicated adult-born hippocampal
neurons in the process of pattern separation (Kheirbek et al.,
2012; Hunsaker and Kesner, 2013). The process of adult hip-
pocampal neurogenesis entails the generation of functional
neurons in particular in the subgranular zone of the DG
(Frankland et al., 2013). Mechanisms by which hippocampal
adult neurogenesis can be increased are therefore of thera-
peutic interest and a promising molecular target is the acti-
vation of 5-HT,,s receptors because it has been shown that
agonists at this site increase adult neuronal proliferation in
the DG (Radley and Jacobs, 2002). Animal studies support
this link between adult hippocampal neurogenesis and
pattern separation. Animals in which neurogenesis was
ablated showed specific impairment on performance related
to pattern separation, but still showed intact hippocampal-
dependent learning. This indicates the importance of the DG
in pattern separation, and furthermore, that neurogenesis is
important for the ability of the DG to perform this cognitive
process adequately (Clelland et al., 2009). Although the acute
treatment regimen in the present study probably affects tran-
sient effects including receptor activation, neurotransmitter
release and synaptogenesis, it would be interesting to deter-
mine in future studies whether chronically administered
‘biased’ 5-HT,, receptor agonists can differentially regulate
neurogenesis, as well as behavioural responses. Furthermore,
investigating hippocampal involvement, as well as the role of
neurogenesis, in the OPS task itself is also imperative in this
respect (Van Hagen et al., 2014).

Taken together, our findings provide behavioural evi-
dence that the activity of 5-HT;. receptor ‘biased’ agonists at
distinct subpopulations of 5-HT,, receptors (raphe-located
autoreceptors and/or post-synaptic heteroreceptors) can
show divergent effects in a novel test for OPS. By improving
pattern separation, the functional outcome of patients with
memory deficits might improve significantly. Therefore, the
extent to which ‘biased’ agonists that improve pattern sepa-
ration are an appropriate add-on pharmacotherapy for such
patients, remains to be investigated in future studies.
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